13 C, 17 O, 31 P, 95 Mo, 183 W) magnetic resonance spectroscopy (1D and 2D) has been used to show that 6-phospho-D D-gluconic acid forms three complexes with tungsten(VI) and six complexes with molybdenum(VI) in aqueous solution, depending on pH and concentration. Two isomeric 1:2 (metal-ligand) complexes are detected both with tungstate(VI) and molybdate(VI), having MO 2 2+ centres and involving the carboxylate and the adjacent OH groups in addition to one 2:1 (metal-ligand) complex possessing a M 2 O 5 2+ centre, with the ligand being coordinated by the carboxylate group and the three consecutive OH groups in positions 2, 3 and 4. Molybdate(VI) forms three additional species, which are not detected with tungstate. One of them is a 2:1 complex with a Mo 2 O 5 2+ centre, with the ligand being tetradentate via O-3, O-4, O-5 and the phosphate group. The other two are 12:4 species, which can be seen as two 1:2 complexes bound together in a ring through two diphosphomolybdate moieties each derived from heptamolybdate by inclusion of two phosphate groups from the ligands.
Introduction

6-Phospho-D D-gluconic acid is an intermediate of D D-glu-
cose oxidation via the pentose phosphate pathway. 1 Salts of phospho-D D-gluconic acid have also found some applications in material sciences, 2, 3 however, to the best of our knowledge, no studies of the interaction of this acid with metals have been published.
Following our previous studies on the complexes of Mo(VI) and W(VI) with sugar derivatives, in particular D D-gluconic acid, 4 we now address the complexation with the important ligand, 6-phospho-D D-gluconic acid. The presence of a phosphate group in position 6, instead of an hydroxyl group, is expected to lead to a different complexation behaviour compared to D D-gluconic acid.
Experimental
Analytical grade disodium tungstate and disodium molybdate dihydrates and commercially available 6-phospho-D D-gluconic acid were used. The pH was adjusted (cautiously, to reduce the possibility of drastic local disturbances of equilibria that may be slow to disappear) by addition of DCl and NaOD; the pH* values quoted are the direct pH-meter readings (room temperature) after standardization with aqueous buffers.
The 13 C NMR spectra were obtained on a Varian XL-200 instrument and the 1 H, 17 O, 95 Mo and 183 W spectra were obtained on a Varian Unity-500 NMR spectrometer. The detailed conditions can be found in previous papers. [5] [6] [7] [8] The 2D NMR spectra, DQFCOSY, 9 HET-COR 10 and COLOC, 11 were recorded on a Varian Unity-500 NMR spectrometer. The 31 P spectra were obtained on a Varian Unity-500 NMR spectrometer, using H 3 PO 4 (85%) as external reference, sw = 25,000 Hz, at = 1.0 s and d 1 = 5.0 s.
Results and discussion
The Fischer projection of 6-phospho-D D-gluconic acid is shown in Scheme 1.
The NMR spectra of mixtures of sodium tungstate or sodium molybdate with 6-phospho-D D-gluconic acid, in aqueous solution, show, in addition to those of free ligand, additional 1 H, 31 P and 13 C signals due to various complexes. These depend on pH, concentration and metal-ligand molar ratios.
The proton, carbon and phosphorous chemical shifts, as well as the proton-proton and the proton-phosphorous coupling constants, at different pH are shown in Tables 1-3, are more sensitive than other nuclei to pH values, and thus provide information on the degree of protonation of the ligand phosphate group. Proton and carbon chemical shifts upon complexation are a good indication of the chelation sites of the ligand, however the use of 31 P NMR data for the same purpose is more controversial. [12] [13] [14] [15] [16] Spectra of M(VI)-6-phospho-D D-gluconic acid (M = W or Mo) were recorded for total species concentration ranging from 3.0 to 0.10 M, metal-ligand molar ratios from 10 to 0.25. The pH values raised from 2 to 9 for W(VI) and from 2 to 8 for Mo(VI). Three different sets of signals were detected for W(VI) and six for Mo(VI). From signal intensity considerations, we concluded that these sets correspond to three complexes for W(VI) and six for Mo(VI). Two of these, namely a and b, are formed with both metals, at all pH values, particularly when the metal-ligand molar ratio is less than 1. Species c occurs at pH 5-9 for W(VI) and 5-7.5 for Mo(VI) and for metal-ligand molar ratios greater than 1. Molybdate can also form three additional species which are not detected in the case of tungstate. Species d is detected for metal-ligand molar ratios greater than 1 for the pH range 5.0-7.5. Species e is detected up to pH 6 for solutions having metal-ligand molar ratios greater than 1.
The way in which the concentrations of the various species varied with pH is shown in Figures 1 and 2 , for tungstate and molybdate for two different molar ratios, respectively. The approximate concentrations of the complexes are essentially based on 31 P signal intensities, and are compared with the 1 H and 13 C signal intensities when possible (as usual, the carboxylate signals were excluded due to the long relaxation times).
The observations mentioned above and the analogy with similar systems previously studied point to 1:2 stoichiometries in the case of a and b and n:m (with n > m) for the remaining species c, d, e, f. This is confirmed below.
1:2 (Metal-ligand) complexes
As far as complexes a and b are concerned, the tungsten and molybdenum shifts are characteristic of isomeric 1:2 (metal-ligand) complexes with a-hydroxyacids possessing a MO 2 2+ centre. [4] [5] [6] [7] [8] [17] [18] [19] [20] [21] The oxygen shifts are typical of terminal M@O groups, and there is no evidence for any bridging oxygen atoms. 4, [6] [7] [8] [17] [18] [19] [22] [23] [24] [25] [26] The high frequency shifts observed for the carboxylic and the adjacent carbinol C nuclei are characteristic of the involvement of these groups in complexation; [4] [5] [6] [7] [8] [17] [18] [19] 21 ,27-33 the other carbon shifts upon complexation are much smaller. Accordingly, only the proton H-2 undergoes a significant chemical shift change to high frequency. 31 P spectra show two signals, and there are no significant shifts relative to the free ligand over the whole pH range studied (Figs. 3 and 4) . All these findings, associated with the fact that the two ligand molecules are magnetically equivalent, point to a and b being the diastereoisomers II (Scheme 2) and III (Scheme 3).
Since complex a is slightly more stable than b, steric considerations involving the R chains would suggest that a is II and b is III. These geometries are also consistent with the fact that only small changes of the proton coupling constants are observed upon complexation, and the observation of a small vicinal W-H-2 coupling constant. In addition, the fact that H-2 in structure II is more affected by the magnetic anisotropy associated with M@O groups, leading to a higher screening constant, is in accordance with a smaller d value for complex a. Similar complexes have been found for systems previously studied. 4, 8, [17] [18] [19] [20] [21] [27] [28] [29] [30] [31] [32] [33] This proposal is supported by a recent study, where the most stable isomer of tungstate and D D-(À)quinic acid (potassium bis(quinato)tungstate hydrate) was isolated from an aqueous solution and characterized by X-ray diffraction. 
2:1 (Metal-ligand) complex
Complex c is detected, both with tungstate and molybdate, in the pH ranges 5-9 and 6-7.5 for W(VI) and Mo(VI) systems, respectively, for solutions with metalligand molar ratios greater than 1. The available 13 The same structure is proposed for Mo(VI) as suggested by the similar patterns of the 1 H, 13 Table 3 ). Table 3 ).
3.3. Additional species with molybdate 3.3.1. Another 2:1 (Metal-ligand) complex at high pH. Regarding complex d, which is formed with molybdate above pH 5, proton and 13 C resonances are not completely assigned due to the presence of broad lines. However, the 13 C shifts observed upon complexation point to the involvement of the OH groups in positions 3, 4 and 5, with the carboxylate and the adjacent OH groups being free. The 31 P shift (d 1.22 ppm) does not change with pH (Fig. 4) . At pH 5 the 31 P signal moves to low frequencies (Dd À0.69) on complexation. Clearly, the phosphate group in d is in a different situation compared to complexes a, b and c. A possible explanation would be the coordination of such a group to the metal centre. 4, [6] [7] [8] [17] [18] [19] [22] [23] [24] [25] [26] Thus, we propose structure V for complex d (Scheme 5).
3.3.2. 12:4 (Metal-ligand) complexes at low and intermediate pH. For species e and f, detected at low and intermediate pH values with an excess of molybdate, C-1, C-2 and C-6 carbon signals move to high frequency on complexation, as do the H-2 and H-6a and H-6b proton signals. 31 Complexes e and f have equivalent phosphomolybdate moieties and different arrangements around the two MoO 2 2+ centres, resembling a and b, respectively. Accordingly, complex e is slightly more stable than complex f. Scheme 6, involving a cis arrangement of the carboxylate groups, is assigned to complex e. Complex f differs by having a trans arrangement of the same groups. Deconvoluting the 95 Mo spectra, two signals are found for each of the complexes e and f with relative intensities of 5:1 suggesting that the four ligand molecules in each complex are equivalent magnetically.
Conclusion
This paper is an extension to phospho-sugar acids of a systematic study of the complexation of metal oxoions, namely tungstate and molybdate, with the main sugar acids, aldaric, 5-7 alduronic 8 and aldonic 4, [17] [18] [19] acids. In our study, three complexes and six complexes were identified for tungsten(VI) and molybdenum(VI) systems, respectively, which means a significant simplification with respect to the previously studied systems of D D-gluconic acid with molybdate and tungstate. 4 This is particularly so in the case of tungstate. Besides two 1:2 (metal-ligand) diastereoisomers, a very stable tetradentate 2:1 complex is formed. Although a terminal group (carboxylic group) is coordinated to the metal, the complex is stable because it involves a favourable CO 2 H, OH-2, OH-3, OH-4 (threo-threo-threo) configuration, as has previously been observed for the system M(VI)-D D-gluconic acid (M = Mo, W). 4 Besides these species formed with both metals, molybdate is also able to form three more species, with the phosphate group also involved with the metal. One of them is a tetradentate species having one Mo 2 O 5 2+ centre, with the ligand being bound by the deprotonated OH groups in positions 3, 4 and 5 and the phosphate group, the carboxylate and OH-2 groups being free. centres. These can be thought as two 1:2 complexes bound together in a ring through two diphosphomolybdate moieties each derived from heptamolybdate by inclusion of two phosphate groups from the ligands. Such complexes were not found in the tungsten system, presumably because of the competing polymerization equilibria of tungstate.
